Abstract. The continuous measurement of loads and displacements during nanoindentation of shape memory alloys allows a detailed investigation of pseudoelasticity on the nano-scale. However, the resulting load-displacement data simultaneously reflect several elastic and inelastic deformation processes (i.e., stress-induced martensitic transformation, plastic deformation). In the present study, we perform microstructural investigations in order to analyze the complex interactions between these mechanisms in a Ni-rich alloy. The microstructures below indents from experiments with different maximum indentation loads are characterized post-mortem by transmission electron microscopy. For small maximum indentation loads, load-displacement data exhibit considerable pseudoelastic recovery, whereas higher indentation loads are associated with a more pronounced residual deformation after unloading. These differences are clearly related to microstructural changes below the indenter tip: While both stressinduced martensitic transformation and dislocation slip occur in general, higher maximum loads are associated with an increase in plastic deformation. The corresponding higher dislocation densities impede the reverse transformation to austenite. Stabilized martensite can be observed directly below the surface for high indentation loads. Our results show that nanoindentation of NiTi allows a systematic analysis of the interaction of plastic deformation and stress induced transformation into martensite.
Introduction
NiTi shape memory alloys (NiTi SMA) are used in various small scale engineering and medical applications, for instance stents or micro electro-mechanical systems [1] . Proper characterization of the local mechanical properties of NiTi SMA is essential for the development and application of such devices. Nanoindentation is an attractive tool for the analysis of the mechanical behavior of small sample volumes [2] [3] [4] [5] . During nanoindentation experiments, the low loads and small displacements are measured continuously, and typical load-displacement curves are recorded. Recent studies on the nanoindentation behavior of NiTi focused on characterizing the mechanical properties and transformation behavior by analyzing load-displacement data [610] and/or the residual surface features after indentation [10] [11] [12] [13] [14] [15] . A widely used technique to quantify the amount of pseudoelastic recovery during nanoindentation testing is calculating the ratio of the remnant displacement h rem and the maximum displacement h max from load-displacement curves [6, 16, 17] : (1) Pseudoelastic recovery is characterized by low values of the remnant displacement ratio (RDR), whereas large RDR-values are associated with a more pronounced effect of plastic deformation. Although load-displacement curves and RDR-values yield qualitative information regarding the deformation mechanisms during indentation, a detailed microstructural analysis is necessary to understand the interaction of elastic, plastic and pseudoelastic deformation below the indenter tip. Such approaches, which involve careful transmission electron microscopy (TEM) observations of the deformed microstructures, have recently been applied to conventional, elasto-plastic materials [18, 19] . In an earlier work [20] , we performed a nanoindentation experiment with a sharp (Berkovich) indenter tip on a thin NiTiFe foil. Subsequent TEM observations of the indented region showed martensite stabilized by dislocations directly below the indent. However, the mechanical results (load -displacement data) could not directly be related to the different microstructural deformation processes because of various experimental difficulties, e.g., bending of the foil, effects of glue and sample holder. Moreover, different investigations [6, 16] demonstrated that spherical indenter tips are considerably better suited to document pseudoelastic material behavior. In the present study, we investigate the deformed microstructures in pseudoelastic bulk NiTi after indentation with a spherical indenter tip and two different maximum indentation loads. The TEM observations, which are in line with our previous results, are qualitatively discussed considering the interaction of plastic deformation and the stress-induced formation of martensite. 
Experimental
Binary NiTi rods with a nominal Ni-concentration of 50.9 at.% were obtained from Euroflex G. Rau GmbH (Pforzheim, Germany). The as-received material was solution annealed at 850 h followed by water quenching. The phase transformation temperatures were determined by differential scanning calorimetry (DSC) using a Thermal Analysis 2920CE instrument in a temperature range from -150 to 150 rate of 10 K/min. The solution annealed material exhibits a single-step transformation from austenite (B2) to austenite finish temperature, A f 5 pseudoelastic at the testing temperature used here. Samples for nanoindentation were carefully mechanically ground and polished. Final polishing was performed on a vibratory polisher (Buehler, Vibromet 2) using a colloidal silica suspension. Nanoindentation experiments were performed using a MTS Nanoindenter XP with a spherical diamond indenter tip (radius R=5 The indentation procedure was performed with a MTS standard method (XP Basic) with a loading rate of 1 mN/s. For the microstructural investigation after indentation, TEM samples were prepared using the focused ion beam (FIB) technique (details are given in [18, [21] [22] [23] ). To mark the location of the indented surface for FIB preparation, the indents selected for subsequent microstructural analysis (with relatively small maximum loads of 10 and 30 mN) were placed between two marking indents (with larger indentation depths for easier microscope). The FIB lamellae were prepared with a Dual Beam FEI, type Quanta 200 3D. To prevent damage by ions, a protective tungsten layer with a thickness of about 1 deposited. Subsequently, the surface below and above this layer was removed gradually up to a lamella thickness of ~600 nm. Fig. 2 shows an SEM micrograph of the lamella taken during FIB preparation. The final polishing of the lamella resulted in a thickness of ~150 nm. The TEM investigations were performed on a Philips CM 20 instrument operating at 200 kV.
Results and Discussion
The load-displacement data associated with the nanoindentation measurements in bulk pseudoelastic NiTi are shown in Fig. 3 . Indentation with a maximum load of 10 mN (Fig. 3a) results in a typical pseudoelastic loaddisplacement curve that exhibits a small mechanical hysteresis. During unloading, pseudoelastic recovery is almost complete and only a small remnant displacement of ~20 nm is observed (this corresponds to an RDR- value of 10.6 %). The load-displacement curve for indentation with a maximum load of 30 mN (Fig. 4b) exhibits a larger remnant displacement of 160 nm (RDR = 30.7 %). To identify the microstructural changes and deformation mechanisms in detail, we performed TEM investigations of the microstructure directly below the indented surface. Typical TEM observations of the microstructure below the 10 mN indent are summarized in Fig. 4 . The bright field image (Fig. 4a) shows an austenitic microstructure and a high dislocation density in an approximately semi-spherical region (with a radius of about 3 circles in Fig. 5 indicate the regions where diffraction patterns were taken. A representative pattern with spots of the B2 phase of type <11 0> is shown in Fig. 4b . The red boxes in Fig. 4a indicate two regions where the dislocation substructures were investigated in more detail. Fig. 4c shows a high dislocation density about 200 nm below the surface (region 1 in Fig. 4a ). With increasing distance from the surface, the dislocation density decreases, Fig. 4d (region 2 in Fig. 4a ). As the stress-induced martensite is completely transformed back to austenite after unloading, the small residual deformation observed in the load-displacement curves is clearly due to dislocation plasticity. In contrast, additional microstructural features can be observed below the 30 mN indent, Fig. 5 . The considerably deeper residual indent can even be observed in the bright-field image of the TEM lamella, Fig. 5a . The microstructure directly below the indented surface exhibits martensitic features as well as an increased dislocation density. The diffraction pattern of region 1 (circle 1 in Fig. 5a ) shows only spots of the B2 phase, Fig. 5b . A detailed image of region 2 (circle 2 in Fig. 5a ) is shown in Fig. 5c . The corresponding diffraction pattern (Fig. 5d ) exhibits the splitting of spots (highlighted by two white arrows), which clearly indicates the our detailed TEM observations demonstrate that, in qualitative agreement with our previous studies [25, 26] , both plastic deformation and the stabilization of martensite below the indenter tip contribute to the deformation during loading and to the residual deformation after unloading when NiTi is indented with relatively large maximum loads. The microstructural results presented here highlight that various deformation processes contribute to the nanoindentation response of NiTi. Moreover, the relative effect of these processes depends on the maximum loads used during indentation. It is likely that the complex interaction between the stress-induced martensitic transformation, plastic deformation by dislocation slip and stabilization of martensite during unloading also depends on different testing temperatures and different microstructures. While further work is necessary to fully quantify the individual contributions of different deformation mechanisms as a function of these experimental parameters, the microstructural changes after indentation with different maximum loads can be at least qualitatively explained based on the results presented here: Nanoindentation is associated with multiaxial stress and strain states in the material below the indenter tip. The deformation below a spherical a) ), and d) at a distance of ~1.5
As the contact radius, a, increases with increasing indentation depth [27] , the representative strain associated with spherical indentation generally also increases. Therefore, higher maximum loads are associated with larger representative strains. In addition, our TEM observations show that the high strain gradients that are required below the indenter tip [28] ,
ESOMAT 2009 06027-p. 4 can not be provided by the stress-induced martensitic transformation alone. Instead, and in close analogy to the indentation response of conventional elasto-plastic materials, geometrically necessary dislocations must be formed and accumulated in the most deformed region [29] . As the strain gradient during spherical indentation is independent of the indentation depth (see equation (3)), even indentation experiments with small maximum loads result in an increasing density of dislocations below the indenter tip, see also Fig. 4 . Finally, we qualitatively consider the effect of an increasing dislocation density on the reverse transformation of stress-induced martensite during unloading. Fig. 6 schematically shows the microstructural evolution during nanoindentation experiments with different maximum loads. Indentation with a relatively small maximum load is associated with small strains (about 4.5 % at the maximum indentation depth, as estimated from Eq. (2)). During loading, both the stress-induced martensitic transformation and plastic deformation contribute to these strains, Fig. 6a . During unloading, the reverse transformation occurs and an austenitic microstructure with an increased dislocation density is observed after complete unloading, Fig. 6b . Indentation with larger maximum loads (30 mN) is associated with higher strains (about 6.5 %), Fig. 6c . The representative volume is larger than in the case of small maximum loads, and a larger number of dislocations is generated during loading even at greater distances from the surface (see also Figs. 4 and 5 ). Moreover, a larger volume of the material below the indenter tip is transformed into martensite, and plastic deformation contributes more strongly to the deformation directly below the surface of the NiTi specimen. During unloading (Fig. 6d) , the higher dislocation density below the indenter tip impedes the reverse transformation to austenite; similar pinning processes of martensite have been observed under various loading conditions [30, 31] . In consequence, both dislocations and stabilized martensite can be observed after unloading, Fig. 6d (see also Fig. 5 ).
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Summary and Conclusions
We have investigated the microstructural evolution during spherical nanoindentation of pseudoelastic bulk NiTi by careful TEM observations of the deformed microstructures. Indentation experiments with small maximum loads are associated with small residual displacements after unloading. The indented microstructure after unloading is characterized by an austenitic matrix with few dislocations. Indentation with larger maximum loads results in a more pronounced remnant deformation. This residual deformation is related to a high dislocation density, which stabilizes martensite during unloading. These observations and our simple scenario relating dislocation slip and martensite stabilization demonstrate that the interaction of these microstructural deformation mechanisms plays an important role in determining the nanoindentation response of NiTi shape memory alloys. indentation with small loads, whereas indentation with larger loads results in higher dislocation density which impedes the reverse transformation to austenite.
